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and tissue homeostasis, and impaired BMP signalling has been implicated in multiple diseases.
Molecular tools have been developed to visualise BMP activity in vivo and these have allowed a bet-
ter understanding of the intricate ways in which BMP activity is regulated spatially. In particular,
generation and interpretation of BMP activity gradients during development result from the com-
plex interplay between core BMP signalling components and speciﬁc regulators. In this essay we dis-
cuss the mechanisms by which spatial regulation of BMP activity is achieved and its functional
consequences.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction
Bone morphogenetic proteins (BMPs) belong to the transform-
ing growth factor b (TGF-b) superfamily of secreted ligands [1].
Evolutionarily they are a very ancient group of proteins, found in
all organisms from Cnidaria and sponges to humans [2]. They reg-
ulate a multitude of cellular functions such as cell-type speciﬁca-
tion, differentiation, pluripotency, apoptosis, proliferation and
migration, and as a result are critical for both embryonic develop-
ment and tissue homeostasis in adult organisms [2,3]. Examples of
BMP-dependent processes during development include embryonic
axis formation, limb development, patterning of the nervous sys-
tem, neural crest formation and development of craniofacial struc-
tures [2,4–9]. Furthermore, mutation or deletion of components of
the pathway results in human diseases such as pulmonary arterial
hypertension, hereditary haemorrhagic telangiectasia, ﬁbrodyspla-
sia ossiﬁcans progressiva, as well as skeletal abnormalities and
some cancers [1].
To orchestrate such diverse biological processes during embry-
onic development, BMP signalling is very tightly regulated both
spatially and temporally. This dynamic regulation has been beauti-
fully demonstrated in transgenic mouse and zebraﬁsh embryos
expressing ﬂuorescent reporters that are speciﬁcally expressed in
response to BMP signalling, and also in sea urchins, Drosophila,
and zebraﬁsh embryos and larvae using phosphorylated Smad1cal Societies. Published by Elsevier
ill).(called pMad in Drosophila) which is a readout of the BMP signal-
ling pathway [4,10–15] (Fig. 1). In addition, BMP signalling can
function in a dose-dependent manner, such that the signalling out-
put downstream of BMP varies across a tissue depending on the
levels of BMP ligands and/or on levels of regulatory molecules
affecting the BMP signalling pathway. BMP activity gradients have
been documented in bilateria and play an essential role in many
aspects of embryonic development such as dorsal/ventral (D/V)
patterning and wing development (Fig. 1). Since BMP gradients
have been preserved in higher vertebrates and have been rede-
ployed to regulate multiple developmental events, they evidently
provide an extremely robust mechanism to achieve and ﬁne-tune
differential tissue speciﬁcation.
1.1. How are BMP gradients generated?
BMPs are believed to act as morphogens, as they function in a
dose-dependent manner [5,16]. The original deﬁnition of a mor-
phogen states that it is a factor that is synthesised from a localised
source from which it diffuses away into the surrounding tissue to
provide positional information in a dose-dependent manner. Cells
then acquire different cell fates depending on their position within
the tissue. At the source, morphogen levels are high, and levels
continuously decrease as the molecules diffuse further away across
the tissue. Consequently, in the absence of other regulators, the
intensity of signalling activity downstream of the morphogen is
presumed to directly correlate with the morphogen concentration.
The activity gradient thus formed may be reinforced by theB.V. Open access under CC BY-NC-ND license.
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Fig. 1. Examples of localised BMP activity and BMP activity gradients during embryogenesis. (A) Localised BMP activity is detected in a E9.5 BRE-lacZ transgenic mouse
embryo, with strong b-galactosidase expression found in the eye (E) and the heart (H) [14]. (B) In a 28 h old BRE-mRFP transgenic zebraﬁsh embryo, in situ hybridization for
mRFP reveals localised BMP activity in the pineal gland (PG), the eyes (E), the developing somites (S) and pectoral ﬁn buds (PF). (C) In the sea urchin, a clear pSmad1/5 gradient
is present on the dorsal side of a mesenchyme blastula stage embryo [15]. (D) In a Xenopus gastrula, pSmad1/5 immunostaining reveals the BMP activity gradient that is
required for D/V patterning [129]. (E) pMad staining in Drosophila embryos and wing discs highlights the Dpp/Scw and Dpp/Gbb activity gradients required for dorsal
speciﬁcation (embryo) and wing vein differentiation (wing disc), respectively [110]. (F) A zebraﬁsh BRE-mRFP gastrula embryo shows a gradient of BMP activity that is
stronger ventrally and staining of the dorsal retina with pSmad1/5 shows that BMP activity gradients are also important during organogenesis [130]. V, ventral; D, dorsal; A,
anterior; P, posterior. The images in A, C, D, E (top panel) and F (bottom panel) were reproduced courtesy of [14], [15], [129], [110] and [130] respectively.
1930 M.-C. Ramel, C.S. Hill / FEBS Letters 586 (2012) 1929–1941presence of morphogen inhibitors produced at a distance from the
source (sink), which act to decrease morphogen activity, some-
times in a concentration-dependent manner. This mechanism of
gradient formation has been described as a sink-source model or
as a synthesis-diffusion-clearance model [17]. This attractively
simple model for BMP gradient formation has been used to de-
scribe a Decapentaplegic (Dpp; the Drosophila orthologue of
BMP2/4) gradient in the wing imaginal disc, where Dpp is pro-
duced locally at the anterior/posterior (A/P) boundary and is
thought to diffuse away into anterior and posterior compartments
to generate graded Dpp activity [18–20].
Not surprisingly, in many cases gradient formation is highly
regulated and achieved in a more complex manner. Indeed, BMP
activity gradients can occur in areas of uniform ligand expression,
or the transcription of the ligands themselves can be regulated in a
spatially graded manner. In addition, BMP ligands can form homo-
or heterodimers, with the efﬁciency of signalling being dependent
on the type of ligand complexes formed. It is also unclear whether
BMP molecules are true morphogens in the textbook sense, as very
little is known about the way in which, and the distance over
which these proteins can diffuse across a tissue. In the case of
Dpp in the Drosophila wing disc, pMad, the readout for Dpp activ-
ity, is distributed in a gradient in both the anterior and posterior
compartments, but these gradients are not uniform as would be
expected from a simple morphogen gradient model (Fig. 1E). Thisis in part due to the differential expression of a Dpp receptor, the
expression of another BMP ligand Glass Bottom Boat (Gbb), and
negative feedback regulation by the inhibitory Smad Daughters
Against Decapentaplegic (Dad) [19,21–23]. Moreover, the extent
of Dpp diffusion in the extracellular space has mostly been inferred
from a Dpp-GFP fusion protein, which was shown to diffuse across
approximately eight cells [16,19,20], but it is not at all clear if the
endogenous Dpp protein behaves in the same fashion. Indeed,
immunostaining for Dpp protein suggests that endogenous Dpp
may not diffuse as far as Dpp-GFP [18]. Clearly, formation of the
Dpp gradient in the Drosophila wing disc is more complex than
simple morphogen diffusion, and the same is likely to be true for
most BMP gradients.
In this essay, we ﬁrst describe the BMP signalling pathway and
highlight the molecular tools available to monitor signalling activ-
ity downstream of the ligands. We then focus on how BMP signal-
ling is spatially regulated during embryonic development and
illustrate some of the mechanisms with relevant examples, mostly
from Drosophila or zebraﬁsh, which are the best studied organisms
in this regard. We explore how the regulatory mechanisms con-
tribute to the formation of BMP activity gradients and regions of
localised activity to direct functional responses such as tissue pat-
terning. Finally, we will discuss unresolved issues in the ﬁeld,
including the extent to which BMPs act as conventional
morphogens.
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The BMP subfamily of TGF-b superfamily ligands has been di-
vided into four subgroups: the BMP2/4 subgroup which includes
Drosophila Dpp; the growth and differentiation (GDF) 5/6/7 group,
the BMP 5/6/7/8 group which includes the Drosophila ligands
Screw (Scw) and Gbb, and the BMP 9/10 group [1,24]. The ligands
are synthesised as larger precursor proteins consisting of an N-ter-
minal prodomain and a shorter C-terminal mature ligand domain.
In the endoplasmic reticulum they assemble as homo- or heterodi-
mers, and subsequently in the Golgi compartment these dimers are
proteolytically processed by Furin and/or Subtilisin/like Proprotein
Convertases (SPCs) to release the mature dimers of ligand domains
[25,26].
The best studied signalling pathway activated by the BMPs is the
Smad pathway (Fig. 2; Table 1). At the cell surface, the ligands bind
complexes of type I and type II serine/threonine kinase receptorsSecre
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Fig. 2. The BMP signalling pathway. Schematic of the core BMP signalling pathway with
systems. BMP ligands can form homo- or heterodimers which signal through a tetramer
dimers to the receptors triggers a phosphorylation cascade that result in phosphorylat
accumulate in the nucleus. Smad complexes interact with transcriptional co-factors to
systems are given. BMP transcription is under auto-regulation as indicated. Some of the
text for details).[27], with both type I and type II receptors being required for signal-
ling. Different homo- and heterodimers of BMP ligands bind differ-
ent combinations of type I and type II receptors. Of the ﬁve known
TGF-b superfamily type II receptors, BMPR-II, ActR-II and ActR-IIB
bind BMP ligands, and of the type I receptors, ALK1, 2, 3 and 6 bind
BMPs [1]. Unlike the TGF-b ligands which preferentially bind to the
type II receptors, most BMPs have a higher afﬁnity for the type I
receptors; type II receptors are then recruited [27]. The type II
receptor is constitutively active and phosphorylates the type I
receptor at serines and threonines in the so-called GS domain,
which is adjacent to the membrane spanning region. This both
activates the kinase activity of the type I receptor, and exposes a
binding site for themain substrates of the type I receptor, the recep-
tor-regulated Smads (R-Smads) (Fig. 2) [1].
The R-Smads are a subset of Smad proteins. Other Smads in-
clude the co-Smad, Smad4, and the inhibitory Smads (I-Smads),
Smad6 and Smad7 [28]. The R-Smads and Smad4 share a commonLigands
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some additional interacting proteins that have been uncovered in developmental
ic set of receptors, comprising two type I and two type II receptors. Binding of BMP
ion of Smads. Phosphorylated Smads are able to form complexes with Smad4 and
regulate gene expression. Some examples of BMP target genes in various model
membrane-bound and extracellular modulators of BMP activity are also shown (see
Table 1
List of proteins most discussed in essay.
Name Symbol used Type of molecule Organism Action on BMP activity
Core pathway
Decapentaplegic Dpp BMP ligand Drosophila Positive
Screw Scw BMP ligand Drosophila Positive
Glass Bottom Boat Gbb BMP ligand Drosophila Positive
Radar BMP ligand Zebraﬁsh Positive
BMP2B BMP ligand Zebraﬁsh Positive
BMP7A BMP ligand Zebraﬁsh Positive
BMP4 BMP ligand various Positive
Thickveins Tkv Type I BMP receptor Drosophila Positive
Saxophone Sax Type I BMP receptor Drosophila Positive/negative
Alk8 Type I BMP Receptor Zebraﬁsh Positive
Alk3a Type I BMP receptor Zebraﬁsh Positive
Alk3b Type I BMP receptor Zebraﬁsh Positive
Alk6a Type I BMP receptor Zebraﬁsh Positive
Alk6b Type I BMP receptor Zebraﬁsh Positive
Mad R-Smad Drosophila Positive
Smad1/5/8 R-Smads Various Positive
Medea Co-Smad Drosophila Positive
Smad4 Co-Smad Various Positive
Modulators
BAMBI BMP pseudo-receptor Various Negative
Crossveinless-2 Cv-2 BMP binding protein Various Positive
Dally Heparan sulphate proteoglycan Drosophila Positive/negative
Dally-like Dlp Heparan sulphate proteoglycan Drosophila Positive/negative
Viking Type IV collagen Drosophila Positive/negative
Dcg1 Type IV collagen Drosophila Positive/negative
Short Gastrulation Sog Secreted BMP binding protein Drosophila Negative
Chordin Chd Secreted BMP binding protein Various Negative
Twisted Gastrulation Tsg Secreted BMP/Chd binding protein Various Positive/negative
Larval Translucida Ltl Secreted protein Drosophila Negative
Pentagone Pent Secreted protein Drosophila Positive
Tolloid Protease Various Positive
Schnurri Transcriptional activator Drosophila Positive/negative
Brinker Transcriptional repressor Drosophila Negative
Fused Protein kinase Various Negative
dSmurf/Smurf1 E3 ubiquitin ligase Various Negative
Glycogen synthase kinase 3 GSK3 Protein kinase Various Negative
Nemo Protein kinase Drosophila Negative
1932 M.-C. Ramel, C.S. Hill / FEBS Letters 586 (2012) 1929–1941domain structure, with an N-terminal MH1 domain and a C-termi-
nal MH2 domain separated by a proline-rich linker. The I-Smads
contain a recognisable MH2 domain, but not an MH1 domain.
The R-Smads activated in response to the BMP ligands are Smad1,
5 and 8, which are very similar in sequence to each other. In many
tissue culture systems Smad1 and 5 function redundantly [29],
although in mouse embryos Smad1 and 5 act cooperatively during
early development [30]. Little is known about the function of
Smad8 in tissue culture systems, and smad8 null mice only display
a phenotype in the adult [31].
The type I receptor phosphorylates Smad1/5/8 at an SSVS mo-
tif at the extreme C-terminus of the MH2 domain. By analogy
with Smad2, which is phosphorylated in response to TGF-b, the
two most C-terminal serines are thought to be the ones phos-
phorylated. Notably, mutation to alanine of any serines in the
SSVS motif of Smad1 prevents BMP-induced phosphorylation
[32]. Once phosphorylated, Smads 1, 5 and 8 form complexes
with Smad4 via their MH2 domains. The Smad complexes then
accumulate in the nucleus where they directly regulate tran-
scription both positively and negatively (Fig. 2). The Smad com-
plexes bind DNA via their MH1 domains. BMP responsive
elements typically contain a GC-rich sequence with the consen-
sus GRCGNC, and a GTCT motif, separated by 5 nucleotides.
The GRCGNC motif binds two Smad1/5/8 molecules and the
GTCT motif binds Smad4 [33,34]. Variants of these elements
have been found in Dpp-responsive genes in Drosophila and in
BMP-inducible genes, such as the Id genes and vent2 in verte-
brates [2,35]. In Drosophila, these elements often function as si-lencer elements. In this case the Smad1–Smad4 complex
(called the Mad–Medea complex in Drosophila) binds in conjunc-
tion with the zinc-ﬁnger-containing co-factor Schnurri to silence
transcription of the transcriptional repressor, Brinker, among
other genes. Since Brinker is a repressor of many Dpp target
genes, Dpp signalling in fact activates target genes predomi-
nantly via a de-repression mechanism [2,24]. Related elements
can also act in Drosophila as activating elements in the absence
of Schnurri, such as in the Dad enhancer [36], or in the presence
of Schnurri as in the Ultrabithorax (Ubx) gene [37]. In vertebrates,
these elements mostly act to induce transcription, and it is not
yet clear whether vertebrate Schnurris (of which there are three
in mammals) bind in addition to the Smads [2,38]. In verte-
brates, activated Smad1/5/8–Smad4 complexes also bind distinct
elements in conjunction with other proteins such as Runx2, to
regulate additional BMP-responsive target genes (reviewed in
[39]). Fluorescent reporters driven by repeats of Smad1/5/8–
Smad4 binding elements from the mouse Id1 gene or the Xeno-
pus Vent2 gene have been used to visualise BMP activity in
mouse and zebraﬁsh embryos [10–14] (Fig. 1A, B and F). Phos-
phorylated Smad1/5 has also been used as a readout for BMP
signalling (Fig. 1C–F), although the recent demonstration that
TGF-b can also induce phosphorylation of Smad1/5 in endothe-
lial, epithelial cells and ﬁbroblasts (reviewed in [40]) indicates
that pSmad1/5 may not be as speciﬁc a readout of BMP signal-
ling as previously thought.
A number of non-Smad signalling pathways have also been re-
ported downstream of BMP receptors, including TAK1/p38 MAP ki-
M.-C. Ramel, C.S. Hill / FEBS Letters 586 (2012) 1929–1941 1933nase, the Erk MAP kinase pathways and LIM kinase 1 (reviewed in
[1]), but this mode of signalling will not be discussed here in detail.
It is not entirely clear how TAK1 and Erk are activated via the BMP
receptors, but LIM kinase 1 is thought to be activated by binding
the long C-terminal tail of BMPR-II [41].
3. Molecular mechanisms controlling spatial regulation of BMP
activity during embryonic development
The exquisite spatial regulation of BMP signalling observed in
developing embryos is achieved by regulation of the signalling
pathway at virtually every level, from ligand production to the
transcriptional activity of the Smads. In this section we explore
how such coordinated regulation results in BMP activity gradients,
as well as localised tissue speciﬁc BMP activity.
3.1. Spatial regulation of BMP activity at the level of BMP ligand
expression and processing
Prior to being exported to the extracellular space, the produc-
tion of the BMP ligands can be regulated at the levels of tran-
scriptional initiation, elongation and splicing, as well as during
post-translational processing. But how can such general cellular
processes provide spatial regulation?
3.1.1. Transcription and nuclear processing of BMP ligands
Transcription of BMP ligands is spatially regulated when the
proteins required for BMP transcriptional activation or repression
are localised. A striking example of this is the regulation of dpp
expression in Drosophila embryos and wing discs. In embryos, zy-
gotic dpp transcription is repressed ventrally by the maternal tran-
scription factor Dorsal, which is only localised to the nucleus, and
thus active, in the ventral half of the blastoderm [42]. In the grow-
ing wing imaginal disc in contrast, dpp expression is under positive
regulation. The morphogen Hedgehog, which is expressed in the
posterior compartment of the wing disc [43], acts as a short-range
signal to induce dpp expression in cells anteriorly adjacent to the
Hedgehog expression domain [44] (Fig. 3A). In zebraﬁsh embryos,
expression of the zygotic BMPs is under control of a maternal BMP
molecule called Radar (also called GDF6A; [45]) and the maternal
transcription factor POU2 [46]. Both Radar and POU2 are ubiqui-
tously expressed. Radar signalling induces bmp2b and bmp7a tran-
scription [45], whilst POU2 is required for bmp2b and bmp4
expression [46]. Soon after induction, bmp2b transcription is re-
pressed on the future dorsal side of the embryo by the combination
of the dorsally-expressed transcriptional repressor Bozozok [47]
and FGF signalling [48]. Thus, the successive transcriptional induc-
tion and dorsal repression of zygotic bmp gene expression leads to
enrichment of BMP mRNAs and proteins on the ventral side of the
zebraﬁsh embryo. Activation of bmp transcription (for example
bmp2b) by another BMP (for example Radar) is a recurring mecha-
nism in spatial BMP regulation, such that bmp transcription is un-
der positive feedback regulation and depends on continuous BMP
signalling (Fig. 2). Striking evidence for this is seen in zebraﬁsh
where, towards mid-gastrulation, both bmp2b and bmp7a
expression is lost in embryos homozygously mutant for bmp2b/
swirl or bmp7a/snailhouse [49].
Spatial regulation of BMP expression during development due
to differential transcript elongation rates or splicing has not been
directly demonstrated. However, a known splicing factor called
SNW1 has recently been implicated in stage- and tissue-speciﬁc
regulation of BMP activity at the neural plate border in both
Xenopus and zebraﬁsh [13]. In zebraﬁsh SNW1 knockdown em-
bryos, bmp2b mRNA is still detected at the neural plate border,
but BMP activity is strongly reduced, suggesting that the BMP2b
protein may not be made or may not be functional. One hypoth-esis is that SNW1 regulates the correct splicing of zebraﬁsh
bmp2b to provide tissue- and stage-speciﬁc regulation of BMP
activity.
3.1.2. Cytoplasmic post-translational processing of BMP ligands:
proteolytic cleavage, dimerization and formation of active complexes
Since BMPs must be cleaved to their mature form to be active,
tissue-speciﬁc cleavage of BMP molecules can confer spatial regu-
lation of BMP activity. For example, Dpp protein is cleaved at two
sites (S1 and S2) in the Drosophila wing versus only 1 site (S1) in
the midgut [50]. Dpp that is cleaved at both sites appears more
stable, and the resulting higher levels of Dpp contribute to long-
range signalling in the wing disc. It is not yet known what prote-
ases contribute to tissue-speciﬁc cleavage of Dpp and whether
their expression and/or activity is different between the wing
and the midgut. Similarly, in the mouse, BMP4 is normally cleaved
at two sites: ﬁrst at an S1 site adjacent to the mature domain and
then at an upstream S2 site, within the prodomain [51]. It is be-
lieved that failure of the S2 cleavage step leads to the production
of a BMP4 mature domain that is still non-covalently linked to
the prodomain and hence more likely to be degraded. In an S2
cleavage mutant bmp4 mouse, only a subset of BMP4-dependent
functions is affected, suggesting that the requirement for S2 cleav-
age must be tissue speciﬁc [51].
Another critical point for spatial regulation of BMP activity and
control of signal strength is the formation of BMP dimers. In-
creased signalling potency of secreted hetero- vs. homodimers
has been documented in Drosophila, Xenopus, mouse and in tissue
culture cells [6,7,52–55], whereas in zebraﬁsh, heterodimerization
between BMP2B and BMP7A appears to be obligatory for signalling
[56].
A good example of how ligand heterodimerization results in
strong localised BMP activity occurs in the Drosophila embryo,
where two BMP ligands, Dpp and Scw, are required for speciﬁca-
tion of the dorsal-most tissue, the amnioserosa [4]. As described
above, in blastoderm stage embryos, dpp mRNA is expressed uni-
formly in the dorsal half due to repression by Dorsal in the ven-
tral half, while scw mRNA is expressed ubiquitously [42]. In the
future amnioserosa, a high concentration of Dpp–Scw heterodi-
mers accumulate through facilitated diffusion and local release.
This results in a higher nuclear concentration of pMad dorsally
and hence higher BMP activity, compared to the more lateral fu-
ture dorsal ectoderm [55]. In the Drosophila wing, ligand hetero-
dimerization achieves a different type of spatial regulation. In
the wing disc, a second BMP ligand, Gbb, is expressed in a
broader domain compared to Dpp [57]. While Gbb produced
from cells throughout its domain of expression contributes to
A/P patterning, Gbb produced by the A/P border cells is abso-
lutely required for patterning more distal tissues, such as the
longitudinal veins L4 and L5 [22,58] (see Fig. 3A). The require-
ment for the co-expression of Dpp and Gbb suggests that hetero-
dimers form to achieve long-range BMP signalling and the
speciﬁcation of L5 [22]. In this case, the presence of Dpp/Gbb
heterodimers does not confer the highest level of BMP signalling,
but instead confers site-speciﬁc BMP activity.
During zebraﬁsh gastrulation, BMP2b and BMP7a are both ex-
pressed in the ventral ectoderm and mesoderm where they are
necessary for specifying ventral fates. The ﬁrst hint that they
may act as obligatory heterodimers came from the observation
that the phenotype of the bmp2b/swirlmutant was nearly identical
to that of the bmp7a/snailhouse loss-of-function mutant [49]. In
more recent work, Little and Mullins have shown that only injected
BMP2–BMP7 recombinant protein heterodimers can rescue
bmp2b/swirl mutants, while BMP2–BMP2 homodimers fail to do
so [56]. As a result, signalling can only occur in the early zebraﬁsh
embryo where these proteins are co-expressed.
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Fig. 3. Spatial Dpp/Gbb activity during Drosophilawing development. (A) Schematic representation of the expression domains of BMP signalling pathway components as well
as target genes and outcome of signalling in the wing imaginal disc. dpp expression (rectangle shown in all panels) is induced at the A/P border by Hedgehog, which is
expressed in the posterior compartment and acts as a short-range morphogen [44]. Diffusion of Dpp protein from the A/P border is represented by Dpp-GFP which diffuses in
anterior and posterior compartments in the same manner [19]. gbb expression is detected more ubiquitously [57]. The expression of the type I receptor Tkv is not
homogeneous in the wing disc, with low expression detected just anterior of the A/P border, and higher expression detected posteriorly [19,21]. BMP activity, detected with
pMad immunostaining is shown, with lower activity detected just anterior of the A/P border, and with the range of activity shorter posteriorly [19]. High Dpp activity
medially inhibits brinker expression as shown with brinker-lacZ which is detected laterally [131]. Expression of Dpp/Gbb target genes spalt [113] and Omb [132] are shown as
well as the positions of the pre-longitudinal veins L1–L5. (B) In pupal wings, sharp Dpp signalling (pMad) is detected in longitudinal veins as a result of EGFR, Notch and Dpp
signalling [133]. The contribution of Cv-2 to the formation of the PCV is schematized. The BMP ligands, expressed in the longitudinal veins and/or the interveins, induce the
expression of cv-2 mRNA in a broad domain in the pre-PCV region. Cv-2 protein then acts to concentrate Dpp/Gbb signalling in order to achieve a sharp pMad expressing
crossvein [133,134]. Note that additional interacting proteins such as Sog and Crossveinless (similar to Tsg), also required for BMP-dependent PCV formation, are not
represented [133]. (C) Adult female wing with the position of the longitudinal veins and crossveins indicated. A, anterior; P, posterior; L, longitudinal vein; ACV, anterior
crossvein; PCV, posterior crossvein; APF, after puparium formation.
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M.-C. Ramel, C.S. Hill / FEBS Letters 586 (2012) 1929–1941 1935Thus, in different organisms heterodimerization of BMP ligands
contributes to spatial regulation of BMP activity in a variety of
ways, by modulating the strength of signal in certain domains,
by promoting the range of BMP signalling and in the most extreme
case, by dictating whether signalling can actually occur or not.
3.2. Spatial regulation of BMP ligand activity in the extracellular space
Downstream of ligand production is its transport through the
extracellular matrix and interaction with receptors. A plethora of
molecules crucial for regulating these processes has been de-
scribed, some of which are secreted, some membrane bound and
others associated with the extracellular matrix [5,59–62]. Ligand
interactions with these molecules result in differential BMP activ-
ity across a tissue, and depending on the tissue and the distance of
expression of these molecules from the site of BMP production,
these interactions can have both pro- and anti-BMP effects. Their
importance for both gradient formation and spatially restricting
BMP activity is discussed below.
3.2.1. Interaction with membrane-bound molecules
Membrane-bound molecules can either act to promote more
efﬁcient signalling or to retain BMPs and hinder their passive diffu-
sion without allowing them to signal. In Drosophila, two activating
membrane-bound molecules are the glycosylphosphatidylinositol-
anchored Heparan-Sulphate Proteoglycans (HSPGs) Dally and Dal-
ly-like (Dlp) [63–65]. Dally and Dlp are not expressed uniformly in
wing discs: Dally expression is stronger at the A/P border and in
distal areas while Dlp expression is uniform, but weaker at the
D/V border [66,67]. They are believed to function redundantly as
pro-BMP factors to counteract endocytosis of Dpp, to stabilize
Dpp on the cell surface, and to promote the accumulation of bioac-
tive BMP ligands allowing signalling [63]. A ﬁne balance in the
expression of proteoglycans and BMPs has to be achieved in devel-
oping tissue to allow for proper BMP activity. For instance, excess
Dally has an inhibitory effect on Dpp activity by sequestering Dpp
ligands and preventing Dpp diffusion [66].
An example of a membrane-bound inhibitor is BAMBI (BMP and
Activin Membrane-Bound Inhibitor), which is a pseudoreceptor
forming a complex with BMP ligands and type II receptors at the
cell surface preventing diffusion of BMPs and thus signalling [68–
71]. BAMBI is part of the BMP4 synexpression group, along with
Smad6, Smad7 and Crossveinless-2 (Cv-2; see below), suggesting
it could be involved in restricting BMP activity where the BMP li-
gands are expressed. However the BAMBI knockout mouse is viable
and fertile [72], suggesting that BAMBI may function as a redun-
dant factor for modulating spatial BMP activity.
3.2.2. Binding of ligands by secreted molecules and inhibitors, localised
degradation of inhibitors, and release of active BMPs
Several different families of secreted BMP regulators have been
described that modulate BMP activity by either binding to BMPs
and preventing them from interacting with their receptors, or by
promoting or restricting BMP diffusion/transport across the extra-
cellular space. Some BMP inhibitors are also targets for proteolysis
and thus contribute to the release of active ligand for signalling.
The localised expression and/or diffusion of the secreted BMP reg-
ulators and proteases exquisitely regulate BMP activity in develop-
ing embryos [59,60].
Regulation of BMP activity by secreted molecules is especially
important for embryonic D/V patterning as demonstrated in Dro-
sophila, Xenopus, and zebraﬁsh embryos [73,74]. The same mole-
cules are involved in all three organisms: Chordin (Chd), Twisted
Gastrulation (Tsg) and Tolloid. In Drosophila embryos, the ﬂy Chd
orthologue Short-Gastrulation (Sog) is expressed ventrally and lat-
erally and forms a gradient that is strong laterally and weak dor-sally [75], whilst in Xenopus and zebraﬁsh embryos, chd mRNA is
detected dorsally. Chd binds BMPs in the extracellular space and
prevents their interaction with receptors [73]. As a result, very lit-
tle BMP activity is detected ventrolaterally (Drosophila) or dorsally
(Xenopus and zebraﬁsh). Tsg is a secreted protein that forms com-
plexes with Chd or Chd/BMP. These complexes readily diffuse, pro-
moting redistribution of BMP ligands, but have no BMP activity
unless a speciﬁc protease, Tolloid (or a homologue) is present. Tol-
loid degrades Chd in the BMP/Chd or BMP/Chd/Tsg complexes,
releasing BMPs and leading to a local peak of BMP signalling
[73]. In Drosophila embryos, Tolloid is expressed on the dorsal-
most side and as a result contributes to peak BMP activity there
[4]. Similarly, in zebraﬁsh embryos, the expression of Tolloid (also
called Mini ﬁn) in ventral vegetal cells at the end of gastrulation is
necessary for ventral tail speciﬁcation, a process that requires high
BMP activity [76,77].
Cv-2 is another secreted BMP-binding molecule that is impor-
tant for spatial regulation of BMP in Drosophila, Xenopus, zebraﬁsh
and mouse (Cv-2 is also called BMPER in vertebrates) [78–81].
However, unlike Chd and Tsg which act over long ranges, Cv-2
functions at short range, as it is bound to cell surface HSPGs such
as Dally [78]. In Drosophila, Cv-2 is expressed in the pre-Posterior
Cross Vein (PCV) region of pupal wings, under the control of BMP
[82], and is required for PCV formation [78] (Fig. 3B). In the PCV re-
gion, Cv-2 acts as a pro-BMP factor as it forms complexes with BMP
ligands and the Type I receptor Thickveins (Tkv) to facilitate ligand
presentation to the receptor and localised signalling, thus locally
concentrating BMPs and sharpening the boundary between regions
of high and low BMP signalling (Fig. 3B). Like Drosophila Cv-2, zeb-
raﬁsh Cv-2 (also called Cvl2) is under BMP regulation [80], and its
knockdown results in reduced pSmad1/5 expression and reduced
BMP target gene expression, indicating that there too it acts to pro-
mote BMP signalling. In both systems overexpression of Cv-2 re-
sults in inhibitory effects on BMP activity, but it is not clear
whether this is physiologically relevant.
Two new players among the plethora of secreted factors affect-
ing BMP activity are Larval Translucida (Ltl) and Pentagone (Pent;
also called Magu), both recently identiﬁed in Drosophila [63,83,84],
and both acting in Dpp feedback loops. Their function has been
investigated during Drosophila wing development. Ltl is expressed
in the medial region of the wing disc, in the Dpp activity domain,
and is positively regulated by BMP signalling. It has been shown
to be necessary to limit Dpp activity in the wing disc, possibly
through an interaction with Dlp and Cv-2, with which Ltl geneti-
cally interacts [84]. In contrast, Pent is expressed in lateral do-
mains of the wing disc, but is not expressed medially, and its
transcription is negatively regulated by Dpp. The spread of Dpp-
HA in lateral regions is disrupted in Pent mutant wings, suggesting
that Pent acts in distal regions of the wing disc to allow long-range
BMP signalling. Therefore it is not a Dpp inhibitor per se, unless it is
overexpressed in regions of high Dpp expression, where it acts to
spread out Dpp ligands and prevents peak Dpp activity. Like Ltl,
Pent interacts with a glypican, in this case Dally. Thus, Pent is part
of a regulatory feedback loop that is important for the establish-
ment and range of the BMP activity gradient in the wing [83].
Interestingly, Pent’s function in BMP regulation is conserved in
zebraﬁsh, as Pent overexpression counteracts the ventralized phe-
notype due to BMP2b overexpression and inhibits the expression
of BMP target genes in gastrula stage embryos [83].
3.2.3. Interaction of BMPs and extracellular matrix proteins
Of the extracellular matrix proteins known to spatially affect
BMP activity [60,85] type IV collagens are best understood and
can have both positive and negative effects. In the Drosophila
embryonic epithelium, two type IV collagen proteins (Viking and
Dcg1) are expressed ubiquitously and affect both the activity and
1936 M.-C. Ramel, C.S. Hill / FEBS Letters 586 (2012) 1929–1941the signalling range of Dpp/Scw [86]. In this context they function
by binding newly secreted Dpp/Scw heterodimers and contribute
to correct complex formation with Tsg and Sog. They also promote
local release of Dpp/Scw heterodimers by Tolloid and hence are re-
quired for optimal interaction with their receptors on the dorsal
side of the embryo [86,87]. In the ovary in contrast, type IV colla-
gens function to sequester Dpp and limit its diffusion [87].
3.2.4. Transport of ligands in the extracellular space
The shaping of BMP activity gradients and localisation of BMP
activity clearly depend to some extent on the ability of BMPs to
be transported through extracellular space. BMPs themselves ap-
pear to be inherently non-diffusible [88], but as explained above,
formation of complexes between these ligands and Chd and Tsg
promotes their transport extracellularly [89]. In the Drosophila em-
bryo, this results in redistributing BMP proteins within their
expression domain [40]. Two additional mechanisms have been
uncovered that indirectly promote the transport of BMPs and thus
extend the range of their activity.
Cytonemes are actin-based membrane extensions that protrude
from the apical surface of cells to reach distant cells [90]. In the
Drosophila wing disc, cytonemes are projected towards the A/P
border, the source of Dpp production [91], and recent studies have
shown that some cytoneme ﬁlopodia-like extensions express the
type I Dpp receptor Tkv [91,92]. As a result, it has been suggested
that distant lateral cells may project cytoneme extensions to re-
trieve Dpp ligand from the A/P border through Dpp/Tkv interaction
in order to bring it back towards lateral cells where Dpp can signal
[92]. The other mechanism of BMP transport is transcytosis which
is the transport of molecules across an epithelium through re-
peated cycles of intracellular uptake/endocytosis and release/
secretion. In Drosophila wing discs, the ability of Dpp to move over
long distances is believed to involve transcytosis [64,65,93],
although a recent mathematical and experimental study has chal-
lenged this model [94].
3.3. Spatial regulation of BMP activity at the level of BMP receptors
We have discussed how ligand production, its transport
through extracellular space which increases its signalling range,
and its interaction with extracellular molecules can either promote
or inhibit its activity. A further layer of regulation occurs at the le-
vel of BMP receptor expression, oligomerisation, and stability.
3.3.1. Type I receptor expression and BMP activity
The expression pattern of the BMP type I receptors (for which
most BMP ligands have higher afﬁnity) in a speciﬁc tissue can
greatly inﬂuence signalling output. As mentioned in the Introduc-
tion, the BMP activity gradient in the Drosophila wing disc is not
homogeneous in the anterior and posterior compartments. One
factor implicated is the type I receptor Tkv, which is differentially
expressed in the wing disc. Not only is Tkv down-regulated in, and
just anterior to, the dpp expression domain, resulting in a dip in
pMad staining close to the A/P border, but Tkv expression is also
up-regulated in the posterior compartment [19,21] (Fig. 3A). This
up-regulation is believed to contribute to a peak of pMad and a
steeper gradient in the posterior compartment as increased num-
bers of receptors impede diffusion of the BMP ligands [21]
(Fig. 3A). Conversely, lower levels of Tkv receptors in the anterior
compartment contribute to increased ligand diffusion [21]. Thus,
in the wing disc, the expression domain of a type I receptor is
essential for establishing the complex BMP activity gradient, which
subsequently results in the proper establishment of the wing lon-
gitudinal veins. Interestingly, Tkv is expressed at high levels
throughout the Drosophila haltere disc, and again this results in re-
duced Dpp-GFP diffusion and shorter range of BMP activity [95].Spatial and temporal regulation of tkv expression is also impor-
tant for Dpp signalling during Drosophila eggshell morphogenesis.
Eggshell structures such as the dorsal appendages and the opercu-
lum derive from the follicle cells surrounding the developing oo-
cyte and their development partly depends on Dpp activity [96].
During oogenesis, tkv is dynamically expressed in the follicular epi-
thelium [97]. Indeed, before stage 10, tkv is expressed ubiquitously
in follicle cells and is required for transducing Dpp signals along
the anterior–posterior axis. From stage 10B however, tkv becomes
excluded from the follicle cells in the dorsal midline and is then ex-
pressed in two dorsolateral patches, under the inﬂuence of the
transcription factor Broad [98]. The changes in tkv expression are
believed to contribute to the remodelling of Dpp activity in the fol-
licular epithelium from a clear A/P to a D/V gradient as monitored
by pMad expression [98,99]. Hence, dynamic regulation of tkv
expression can also, in this case, inﬂuence spatial BMP activity.
3.3.2. Ligand/receptor afﬁnity and heteromeric receptor complexes
The different afﬁnities between BMP ligands and receptors can
lead to various BMP/receptor assemblies that ultimately confer dif-
ferential BMP activity. In the zebraﬁsh embryo, as described earlier,
BMP2B/BMP7Aheterodimers are essential for D/V patterning. These
heterodimeric ligands require heteromeric receptor complexes to
signal, adding a further layer of complexity. In zebraﬁsh, there are
ﬁve BMP type I receptors: Alk2 (also called Alk8), Alk3a, Alk3b,
Alk6a, and Alk6b. Alk3 and Alk6 function redundantly with each
other, but non-redundantly with Alk8, as demonstrated by the fact
that the same phenotype is observed in maternal/zygotic alk8 mu-
tants as in embryos knocked down for all Alk3 and Alk6 species
[56]. Combined with the ligand data this suggests that the
BMP2b–BMP7a heterodimers signal through Alk3/Alk6–Alk8–Type
II heteromeric receptor complexes. Another prominent example oc-
curs in the Drosophilawing disc where two BMP type I receptors are
expressed: Tkv (expression pattern described above) and Saxo-
phone (Sax; which is ubiquitously expressed). Tkv is absolutely
essential for BMP signalling and is able tomediate signalling by both
Dpp and Gbb, while Sax, which is not absolutely required, has an in-
creased afﬁnity for Gbb, and moreover does not signal when part of
a Sax–Sax–type II complex [100]. The high afﬁnity of Sax for Gbb re-
sults in sequestration of Gbb without any associated signalling,
impeding overall BMP activity. As a result, it is believed that highest
BMP signalling is only achieved through Tkv–Tkv–Type II or through
Tkv–Sax/Type II receptor complexes [100]. Thus, Sax expression and
its interactionwith Tkv are crucial for shaping the BMP gradient and
patterning of the wing disc.
3.3.3. Regulation of receptor stability
One way of achieving continuous and robust BMP signalling
in a particular tissue is for the levels of the BMP receptors to
be controlled such that ‘‘signalling-ready’’ receptors are always
present on the cell surface. This can occur through regulation
of receptor uptake/degradation and synthesis of new receptors.
As described above, expression of type I receptors can be spa-
tially regulated. A good example of spatially-controlled receptor
degradation occurs in the Drosophila ovary where a steep (one
cell wide) gradient of Dpp activity is formed to maintain germ-
line stem cells (GSCs) and to prevent differentiation of GSCs into
Cytoblast Cells (CBs) [101]. CBs are only speciﬁed when Dpp
activity is low. Downregulation of Dpp activity in the pre-CBs re-
quires the active degradation of Tkv receptors by the serine/thre-
onine kinase Fused and the HECT class E3 ubiquitin ligase
dSmurf [102]. The function of Fused as an antagonist of BMP sig-
nalling is conserved in D/V patterning of zebraﬁsh embryos.
There, Fused overexpression counteracts the effects of BMP2b
expression. As in Drosophila, Fused appears to be able to control
the levels of the BMP type I receptor Alk3a [102]. Since zebraﬁsh
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unclear if Fused acts as a general dampening protein for all BMP
activity in the zebraﬁsh embryo, or if spatial Fused function
relies on the localised expression of an E3 ubiquitin ligase.
3.4. Regulation of spatial BMP activity at the level of Smad activation
In most tissues, the Smads are expressed ubiquitously, and their
activation in response to BMPs is determined by receptor activa-
tion. The duration of that response however, is modulated partly
by duration of receptor activity, but also as a result of speciﬁc
post-translational modiﬁcations on the Smads. These modiﬁca-
tions in turn are regulated by other signalling pathways such as
Wnt and Mitogen-Activated Protein Kinases (MAPKs), which act
to ﬁne-tune the BMP response as described below.
3.4.1. Smad phosphorylation: effects on stability and nuclear
accumulation
While the C-terminal end of the SmadMH2 domain is phosphor-
ylated in response to BMP by the type I receptors, the linker region
of Smads can also be phosphorylated by MAPKs and Cyclin-Depen-
dent Kinases (CDKs), priming for further phosphorylation by Glyco-
gen Synthase Kinase 3 (GSK3) (Fig. 4A). For example, in Xenopus
Smad1 linker phosphorylation by MAPK makes it a target for the
ubiquitin ligase activity of Smurf1, promoting degradation and also
cytoplasmic localisation. This is believed to result in reduced BMP
activity dorsally, where Smurf1 is expressed [104]. Xenopus Smad1
can also be linker-phosphorylated by GSK3 resulting in degradation
of Smad1, also through Smurf1 [105]. Wnt signalling inhibits GSK3
activity and thus can promote BMP activity via stabilisation of
Smad1 [105]. The linker region of DrosophilaMad can also be phos-
phorylated by MAPKs, CDKs and GSK3, affecting Mad stability. For
instance, wing discs of transgenic ﬂies overexpressingMad inwhich
all eight linker GSK3 sites have been mutated display phenotypes
consistent with increased BMP signalling activity [106] (Fig. 4A).
Another Mad kinase is Nemo [107]. In contrast to MAPKs, CDKs
and GSK3, Nemo phosphorylates Mad in its MH1 domain and this
negatively affects its nuclear accumulation and activity. The fact
that Nemo is strongly expressed in or adjacent to domains of high
Dpp activity [107,108] suggests that Nemo acts locally to limit the
range of Dpp activity. Hence, phosphorylation of Smads by kinases
other than the BMP receptors contributes to correct pathway activa-
tion and proper patterning in both Xenopus embryos and the Dro-
sophila wing.
3.4.2. Smad SUMOylation
SUMO (Small Ubiquitin-like MOdiﬁer) is a protein that, when
covalently linked to speciﬁc proteins, affects their subcellular
localization, stability or interaction with other proteins [109]. In
the Drosophila embryo, SUMOylation has been shown to be neces-
sary to restrict BMP activity, as embryos mutant for a SUMOylation
E2 conjugating enzyme display expanded expression domains of
Dpp target genes [110] (Fig. 4B). These authors identiﬁed Medea
(Drosophila Smad4) as the target for SUMOylation in the nucleus.
SUMOylation triggers Medea export from the nucleus, which re-
sults in limiting the domain of activated nuclear Smads (and thus
Dpp target gene expression) elicited by a particular concentration
of Dpp morphogen.
3.5. Transcriptional regulation by activated Smads
The ﬁnal layer of BMP spatial regulation occurs in the nucleus at
the level of target gene transcription. Localised activity and pro-
moterbindingafﬁnitiesof speciﬁc transcriptional co-factors are crit-
ical for the correct transcriptional interpretation of BMP signalling.3.5.1. Transcriptional co-activators and co-repressors
Among the vast number of transcriptional regulators that can
interact with Smad1–Smad4 complexes, Schnurri is certainly the
best characterized and has a very clear role in regulating the out-
put of the BMP signalling pathway [2]. Its function has been most
thoroughly investigated in Drosophila where it displays both acti-
vating and repressing functions, and as a result, contributes to acti-
vation of BMP target genes both directly and indirectly. An
example of direct Schnurri-dependent target gene activation is
the regulation of ubx and race expression in the Drosophila midgut
and embryo, respectively [37,111]. Indirect Schnurri-mediated
transcriptional activation was mentioned previously and involves
an intermediate step whereby the transcriptional co-repressor
Brinker is repressed in response to Dpp signalling by a complex
comprising Schnurri, pMad and Medea [34]. For some genes such
as optomotor-blind (omb) removal of Brinker repression is sufﬁcient
for activation, whereas for others, for example spalt and dad, active
transcription is also dependent on complexes of pMad and Medea
[36,112,113]. In the Drosophila wing disc, Brinker is expressed in
lateral regions but is absent medially, which is due to repression
of brinker transcription by Dpp activity which is strongest medially
[114] (Fig. 3A). Thus the exact expression pattern of Dpp target
genes in the wing disc, which in turn governs tissue patterning,
is determined by the combination of Dpp signal strength, the level
of Brinker and the complex functions of Schnurri [24]. A curious
observation is that although the Smads and Schnurri have been
well conserved during evolution, no brinker-like gene outside the
insects has been found to date [2]. Notably, Brinker acts as a
repressor of Dpp targets by binding to pMad binding sites; its bind-
ing speciﬁcity overlapping with that of pMad [36]. Intriguingly,
pMad binding sites that are also recognized by Brinker have been
identiﬁed in vertebrate genes, suggesting that a vertebrate Brinker
might yet be identiﬁed.4. Conclusions and perspectives
During embryonic development, BMP signalling can be acti-
vated locally in order to specify discrete structures or it can be acti-
vated over a long distance in order to specify distinct fates within a
particular tissue. We have described some of the ways in which
spatial regulation of BMP activity is achieved. What emerges from
this discussion is that BMP signalling can be regulated at virtually
every level of the pathway from ligand production and processing
to Smad activity in the nucleus, and there are undoubtedly other
mechanisms yet to be discovered.
Despite the wealth of information obtained in various model
systems, there are still some key unresolved issues that need to
be addressed. First, it is still a controversial issue as to whether
BMP ligands act as true morphogens; that is, are BMPs themselves
able to diffuse freely over a long distance or in fact are they able to
diffuse at all? One of the experimental problems preventing
researchers from obtaining a deﬁnitive answer is the lack of good
BMP antibodies that function in immunostaining and that can
detect both the unprocessed and processed forms of BMP proteins.
For instance, in Drosophila, the range of Dpp diffusion has been
inferred from the analysis of transgene expression (Dpp-HA or
Dpp-GFP) and by using immunostaining techniques that allow
the visualization of extracellular Dpp fusion proteins
[19,55,94,115]. One should be cautious when interpreting the re-
sults of Dpp fusion protein diffusion and pathway activation, as
the endogenous Dpp protein may not diffuse in exactly the same
way or over the same distance as the fusion proteins. Indeed, anal-
ysis of Dpp-GFP diffusion in Drosophila wing discs showed that it
only diffuses across eight cells [16], despite the fact that long-range
BMP signalling is evidently required to specify cell fates in lateral
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solely be achieved through Dpp diffusion and requires additional
mechanisms. In vertebrates, there is hardly any evidence for BMP
diffusion. In Xenopus, using juxtaposed animal caps experiments,
no evidence of BMP diffusion from one cap to the next was found,
unlike for Activin, which is able to signal over a long range [88]. In
zebraﬁsh, it has also been shown that BMP proteins do not seem to
diffuse beyond their domain of transcription [103]. Since these
ﬁndings were obtained using indirect assays (looking at the
expression of BMP target genes) it is still controversial whether
vertebrate BMPs can actually diffuse and their action is counter-acted by secreted inhibitors, or whether they do not diffuse at
all. If BMPs ligands were unable to diffuse on their own, this would
explain why the cells have devised active transport mechanisms,
such as complex formation with more diffusible proteins (like
Chd and Tsg), transcytosis and cytonemes. However, the functional
importance of cytonemes in the process of Dpp long-range trans-
port is still debated, and a recent carefully executed study con-
cluded that transcytosis is not involved in Dpp transport in the
Drosophila wing [94].
A second issue in the ﬁeld is the relatively few direct BMP target
genes that have been identiﬁed, which is quite unexpected consid-
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quire BMP activity. For instance, as shown earlier, some of the
Dpp target genes in the Drosophila wing are actually indirectly de-
repressed by Dpp. In Xenopus or zebraﬁsh, where some BMP targets
have also been identiﬁed, only a handful have been experimentally
proven to be direct bona ﬁde BMP target genes, such as Xvent2 or
DNP63 [116,117]. Moreover, even in tissue culture cells, very few
BMP responsive genes have been identiﬁed in microarray experi-
ments [118]. Technological advances such as ChIP-seq and bioinfor-
matic approaches have allowed the identiﬁcation of additional
putative BMP target genes in Xenopus and cultured cells, but further
work is required to conﬁrm the targets identiﬁed [119–121]. Two
possibilities could account for the few direct target genes identiﬁed.
One possibility is that BMP signalling does indeed only directly in-
duce the transcription of a few target genes that then go on to direct
the more complex transcriptional programs required for the range
of BMP responses. The Id genes, which are direct BMP targets in
many vertebrate systems could be suchmaster regulators. The other
possibility is that the use of recombinant BMP homodimersmay not
achieve optimal BMP signalling. Instead, treatment of cells with
BMP heterodimers might result in stronger BMP signalling, which
may help identify additional BMP target genes.
A third issue is whether BMP gradients are only critical for tis-
sue patterning or if they are also required for more general pro-
cesses such as tissue and organ growth. Indeed, for example,
some allelic dpp mutant combinations result in smaller wings,
and conversely, over activation of the pathway can lead to in-
creased cell division and overgrowth in the wing disc [122,123].
One of the interesting features of the Dpp (Dpp-GFP) diffusion
and BMP activity gradients in wing discs is that they both grow
at the same time as the imaginal disc grows, such that they scale
with wing size [124,125]. As a result, it is believed that the BMP
activity gradient is required for wing growth. It is however likely
that other signalling pathways are also involved in regulating or-
gan growth and that the scaling BMP gradient can be both a con-
tributor and a consequence of growth [126].
In this essay, we have discussed the fundamental importance of
spatial regulation of BMP activity in early embryos for all BMP-
dependent patterning events to happen in the right place at the
right time. A functional consequence of misregulation of BMP sig-
nalling is evident in certain diseases that have been linked to
mutations in the core BMP signalling pathway. For example, muta-
tions in the type I BMP receptor Alk3 have been linked to juvenile
polyposis syndrome in humans [127]. In addition, some of the BMP
antagonists that are important in regulating spatial BMP activity
have been linked to diseases such as brachydactyly and ﬁbrosis
[128]. Understanding how all the molecules interact to achieve
spatial BMP activity will not only improve the understanding of
some diseases, but it might also provide clues for development of
therapies to improve or eliminate associated symptoms.
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